In response to membrane depolarization, voltage-gated ion channels undergo a structural rearrangement that moves charges or dipoles in the membrane electric field and opens the channel-conducting pathway. By combination of site-specific fluorescent labeling of the Shaker potassium channel protein with voltage clamping, this gating conformational change was measured in real time. During channel activation, a stretch of at least seven amino acids of the putative transmembrane segment S4 moved from a buried position into the extracellular environment. This movement correlated with the displacement of the gating charge, providing physical evidence in support of the hypothesis that S4 is the voltage sensor of voltage-gated ion channels.
Since voltage-gated ion channels were first cloned, it has been postulated that the positively charged S4 segment functions as the voltage sensor (1) . Membrane depolarization is hypothesized to open the channel by moving S4 outward, thus generating the gating current. In keeping with this model, mutations that alter the charge of amino acids in S4 were shown in several studies to affect the voltage sensitivity of channel opening (2, 3) . However, these studies could not prove that S4 contains the gating charge because the voltage sensitivity of channel opening can also be affected by changes in the cooperativity or equilibria of gating transitions (4) . In the S4 region of a skeletal muscle Na+ channel, one amino acid position has increased accessibility to the extracellular solution during membrane depolarization (5) . This suggests that S4 may move, without explaining how or during which gating transition (activation, opening, or inactivation). The primary prediction of the S4 hypothesis-a correlation between S4 movement and movement of the gating charge-remains to be tested.
To address this problem, we developed a fluorescence technique to study conformational changes of the Shaker K+ channel S4 during gating in Xenopus oocytes. This technique relies on the sensitivity of many fluorophores to their local environment and on the short lifetime of their excited state (6) . Fluorescent labels conjugated to residues in S4 could report changes in the environment if activation moves them from a position buried in the membrane into the extracellular fluid, as has been proposed (4, 7) . To covalently label the channel with a fluorophore (8), we substituted cysteine at positions 346, 356, 359, 365, and 366 (Fig. 1A) of a nonconducting (W434F) (9) , noninactivating (A6-46) (10) version of the Shaker ShH4 K+ channel (11), after removing two native cysteines (C245V in SI and C462A in S6), which could be accessible to the extemal solution (12) . Cysteines present in endogenous oocyte plasma membrane proteins were blocked with a nonfluorescent and impermeant maleimide (8) . Oocytes injected with comparable amounts of complementary RNA encoding each of the mutant channels were labeled with the membrane-impermeant dye tetramethylrhodamine-maleimide (TMRM) (8) , and membrane fluorescence was quantitated by confocal microscopy (Fig. 1B) . Integration of the fluorescence over the focused membrane area showed between 2.5-and 5.0-fold greater labeling (P < 0.0001) of the plasma membrane of oocytes expressing the cysteineadded mutants compared with both uninjected oocytes and oocytes expressing the cysteine-removed control channel (Fig. 1C) . The degree of labeling was comparable for S346C, M356C, A359C, and R365C, but it was significantly lower (P < 0.02) for the position furthest toward the COOH-terminal end of S4 (L366C) (Fig. 1, B ul the channel density of L366C, as judged by measurement of whole-cell gating currents ( Fig. 1D ) (8) , was similar to that of the other cysteine-added mutants, the lower level of L366C labeling is probably due to a lower accessibility of this position to extemal TMRM. Specific labeling of the cysteine-added mutants was confirmed by fluorescence analysis of membrane proteins from labeled oocytes, immune-precipitated and separated by polyacrylamide gel electrophoresis, which showed a broad rhodamine-labeled band of 110 to 115 kD (corresponding to the completely glycosylated Shaker protein) (13) present only in these mutants (14) . The model proposed for K+ channel gating suggests that a portion of S4 that is buried in the resting state becomes exposed to the extemal solution by activation (7) . To test this model, we incubated oocytes expressing S346C, A359C, and R365C with TMRM in a hyperpolarizing NMGMES solution [resting membrane potential (Vrest) = -58.7 + 11.6 mV; mean ± SD; n = 12] and a depolarizing K+-MBSH solution (Vrest = -1.2 ± 5.4 mV; mean ± SD; n = 17) (8). The charge-voltage (Q-V) relations measured for these mutants indicated that S346C and A359C would be primarily in the resting state in NMGMES but would be activated most of the time in K+-MBSH, whereas R365C would also be in the resting state in NMGMES but only be activated about 40% of the time in K+-MBSH ( Fig. 2A ). Under these conditions, S346C was equally labeled when depolarized or hyperpolarized, A359C was significantly more labeled (P < 0.005) when depolarized, and R365C was labeled when depolarized but not when hyperpolarized (Fig. 2B) . Thus, membrane depolarization increased the exposure of positions 359 and 365 to the extracellular solution, whereas position 346 was equally exposed under depolarizing and hyperpolarizing conditions (15) . The partial labeling of A359C in the hyperpolarizing solution may be due to the fact that it was activated about 10% of the time in this solution ( Fig. 2A) .
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